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The propagation of linear barotropic Rossby waves is investigated numerically over a one-dimensional to-
pography similar to the continental rise and slope. A point source is used to generate waves with periods from

The results show that the propagation of topographic Rossby waves depends strongly on the wave period.
Over the continental rise, waves are generated mainly by low-frequency disturbances at periods of about a
month. In addition, the continental slope is a good insulator to these waves. Therefore, deep ocean circulation
will not influence motions on the continental shelf. At 36 and 15 days, the steep continental slope is a wave
guide, and regions of high energy density generated by local sources may be found. Energy of 36-day waves
over the continental shelf cannot penetrate the steep slope. Although waves of periods shorter than a week may
reach the lower slope, these waves are trapped by the coast, similar to shelf waves, Consequently, the deep ocean
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ABSTRACT
4 to 36 days. The resulting distribution of streamfunction and kinetic energy density is examined.
circulation is hardly influenced by motions on the shelf and slope.
1. Introduction

Topographic Rossby waves (TRWS) with periods
from a week to a month have long been observed over
the continental rise at site D (39.10°N, 70.00°W) south
of the New England coast (Thompson, 1971, 1977;
Thompson and Luyten, 1976). Hogg (1981) has sug-
gested that these waves may be generated by distur-
bances in the Gulf Stream or by the instability of mean
flow on the lower rise. Over the continental slope,
TRWs have also been observed. Louis et al. (1982)
found bursts of TRWs for three or four cycles with
periods between 10 and 23 days on the outer conti-
nental shelf and slope off Nova Scotia. They suggested
that these waves were generated by the Gulf Stream
rings over the slope. Recently, mooring measurements
over the continental slope south of Cape Cod show
that energy of TRWs propagates shoreward from the
continental rise onto the lower slope (Shaw and Csan-
ady, 1987).

Propagation of plane topographic Rossby waves of
infinite along-isobath extent has been studied by several
authors. Rhines (1969) showed that a small step in the
ocean was effective in reflecting incident barotropic
Rossby waves. Later, using a barotropic Rossby wave
model over large topographic variations, Kroll and Ni-
iler (1976) found that high energy transmission across
the slope-rise junction occurred only for incoming deep
ocean waves of certain wavelengths. Ou and Beardsley
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(1980) studied numerically the propagation of TRWs
in a uniformly stratified ocean over a realistic topog-
raphy. Their results showed similar dependence of on-
shore energy flux on the wavelength. In these models,
energy flux is uniform along isobaths, and no wave
turning is possible. Incoming wave energy has to be
reflected, except in the case when the slope width is an
integral number of the half wavelengths, i.e., the Ram-
shauer effect (Rhines, 1969). Consequently, the con-
tinental slope is a barrier to most TRWs from the deep
ocean, and reflected waves should be observed on the
rise (Rhines, 1971). Nevertheless, observations at site
D have shown that TRWs propagate shoreward onto
the upper continental rise and lower slope with little
reflection (Thompson, 1971; Shawand Csanady, 1987).
The discrepancy between model results and observa-
tions can be resolved by taking wave refraction into
consideration.

One way to study wave refraction is to calculate ray
paths of waves. Hogg (1981) used WKB theory to trace
ray paths of TRWs and found considerable turning of
waves over the continental rise near site D. However,
the length scale of the continental slope is about 50
km, while Louis et al. (1982) have observed that the
cross-isobath wavelengths are 175 km. WKB approx-
imation breaks down when the topography varies rap-
idly over a wavelength (e.g., Bender and Orszag, 1978).
Asymptotic approximations such as the WKB method
are not applicable to the steep continental slope.

Coefficients of the governing equation for TRWs will
vary slowly in a wavelength if a smooth topography is
used. Kroll (1979) joined two exponential profiles at
the shelf break to have constant coefficients in the gov-
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erning wave equation. He then solved the equation
asymptotically to study the wave propagation from a
point source in the deep ocean. He found that the
amount of energy reaching a particular point on the
shelf depended on wave frequency as a result of wave
refraction. Louis and Smith (1982) used a parabola to
approximate the continental slope to study the baro-
tropic TRWs generated by a point source. They ex-
plained the absence of reflected waves as a result of ray
refraction and bottom friction. Although local topog-
raphy of the slope may be well represented by such
approximations, it is not possible to fit the entire region
from the shelf to the rise with a smooth analytic func-
tion. The bottom slope changes one order of magnitude
across both the shelf break and the slope/rise junction.
The rapid topographic variations should not be over-
looked in studying energy transmission from the con-
tinental rise onto the slope and shelf.

If there is an onshore component of group velocity
and no friction, deep ocean waves will eventually reach
the shelf break at an infinite coast. However, if the
onshore component of the group velocity is small,
waves may not reach the shelf in a finite alongshore
distance. The problem is “Given a realistic frictional
coefficient and limited alongshore extent, will waves
reach the shelf before they are dissipated?”” Recently,
Peng and Shaw (1986) studied numerically the low-
frequency (period at 40 days) TRWs generated by a
point source over a two-dimensional realistic topog-
raphy. They found that waves turned very effectively
to the direction of isobaths over a steep continental
slope. In this paper, we will extend the above study to
higher frequencies and study how much energy can
reach the shallow waters before being dissipated by
bottom friction. The bottom profile resembles the off-
shore variation of topography from the continental
shelf to the rise in the ocean. The insulating effect of
the slope is studied in periods ranging from a few days
to about a month. We will examine the strength of
TRWs generated by a source at various locations.

2. Numerical method

The equations governing motion of barotropic
Rossby waves over topography are

du_.__1op 17
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where u and v are the velocity components in the x-
and y-directions; 7,* and 7, are the bottom stress
components; and /4 is the bottom depth. Other symbols
have the usual meaning. Because the bottom topog-
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raphy is more important than the variation in f; the 8-
effect is neglected. We have also used the rigid-lid ap-
proximation in the continuity equation. From (3), a
transport streamfunction y can be defined as

i

hu=—5 4)
_ W
hv—+ax. (5)

Furthermore, we assume a linear bottom stress pro-
portional to the near-bottom geostrophic velocity with
a proportionality constant r. The vorticity equation
obtained from (1) and (2) is
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where S, = h~(0h/0x), S, = h™'(dh/dy) and V,? is the
horizontal Laplacian. In (6), we have added a vorticity
source F of the dimension of the wind stress curl to
represent the unknown mechanisms of Rossby wave
generation on the continental slope and rise.

Time integration of (6) can be performed numeri-
cally. If forcing is oscillatory in time, the solution will
consist of a wave part and a transient part (e.g., Gill,
1982, Chapter 7). When forcing persists long enough,
the transient part dies out. The remaining wave solu-
tion is the same as that obtained by assuming a solution
of sinusoidal time dependence. Wang (1980), among
others, has successfully solved the equation for shelf
wave scattering by this substitution. This approach will
greatly reduce the computation in a time-stepping
problem and will be used here.

When forcing is at a single frequency, F = F
exp(—iat), the solution of (6) is of the form

Y(x, 3, 1) = ¢(x, y)e . @)
Substituting (7) into (6), we have
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Equation (8) is solved numerically. The finite difference
equation is obtained by using a centered-difference
scheme and is of the block tridiagonal form. It can be
solved by the method of Lindzen and Kuo (1969).
Without any knowledge of the generation of TRWs,
a point source might be a reasonable choice. The spatial
Fourier transform of the forcing function is a broad-
band of wavenumbers. With broadband spatial varia-
tions, the dependence of energy transmission on wave-
lengths (e.g., Kroll, 1979) will show up in the results if
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there is one. Louis and Smith (1982) and many others
have used point sources to study the wave propagation.
Therefore, a point source is used to generate TRWs in
this model. To ensure that variations of the forcing
scale do not alter our results, we have changed the size
of the forcing area in the model. No significant differ-
ence in results is found.

In this study, bottom topography is a function of
the offshore coordinate only and is similar to the one
at site D (Fig. 1). The 200 and 2000 m isobaths rep-
resent the shelf break and the slope-rise junction, re-
spectively. The study area is a 300 km X 300 km square
(see Fig. 2). A coast is located along the upper boundary
with the x-axis offshore and y-axis alongshore. The or-
igin is at the upper left corner of the study region. The
grid sizes are 5 km in x and 12.5 km in y. A localized
source over a square of 3 X 3 grid points is used to
generate TRWs. A value of Fy is chosen to be 107" m
s~2 to have realistic velocity of the order 0.1 m s™! in
the study region. A bottom frictional coefficient, r = 5
X 10™*m ™!, is used. This is the typical value observed
on the continental shelf (e.g., Winant and Beardsley,
1979).

Boundary conditions are important in solving the
elliptic equation (8). There are two types of boundaries
in this problem. At the coast, the no normal flow con-
dition is specified. On the deep ocean side, an open
boundary condition is needed. Ideally, a radiation
condition such as the one used by Wang (1980) should
be applied to the open boundary. However, the energy
spectrum in our study is continuous rather than discrete
as in Wang’s model, and the radiation condition is
difficult to comply with. To simplify the problem, we
use ¥ = 0 at these boundaries. Results show that friction
will damp out most reflected waves at the boundaries.
For waves of a few days period on the shelf, some wave
reflection may be found on the slope. However, the
overall picture is not altered. We have also used a
sponge layer at the open boundaries to eliminate the
reflected waves. Inside the sponge layer, r increases lin-
early from 5 X 10~ m s™! in the interior to 5 X 1072
m s~! at the boundary. The thickness of the sponge

0
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F1G. 1. Bottom topography used in the model.
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FIG. 2. Kinetic energy density (upper panel) and transport stream-
function (lower panel) of topographic waves generated by a source
on the lower rise at 36 days. Contour interval is 50 X 10~° (dashed
lines) and 200 X 10~% m? s~2 (solid lines) in the energy plot and 100
X 10* m® s™! in the transport streamfunction plot. Isobaths at 200,
2000, and 3000 m are shown. Vectors represent velocity.

layer is 50 km. However, its presence is not very sig-
nificant. As long as a large amount of wave energy does
not reach the boundary, as is the case in this study, the
results should be meaningful.
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3. Numerical results

Equation (8) is solved for the streamfunction at seven
periods, 4, 5, 6, 7, 10, 15 and 36 days, to study the
propagation of TRWs. Examples are discussed in three
period ranges: 4-7, 10-15 and 36 days. Kinetic energy
density and the transport of waves are examined for
sources at different offshore locations. Depth-integrated
kinetic energy averaged along isobaths is used to dem-
onstrate the offshore energy partition.

a. Forcing from the lower rise (x = 205 km, y = 187.5
km)

Energy density and the streamfunction of TRWs at
a period of 36 days are shown in Fig. 2. The source is
located near the high energy center in the upper panel.
Waves propagate from the source toward the —y di-
rection along two paths: one to the upper rise and one
to the deep ocean. Wave energy is higher along the
latter path, where the bottom slope becomes greater
(Fig. 1). It seems that energy tends to propagate toward
the region of steep bottom slope. The current and the
volume transport in the lower panel of Fig. 2 are con-
fined in the deep waters.

Depth-integrated kinetic energy at 36, 15 and 4 daysl

is shown in Fig. 3. Wave energy on the rise is reduced
drastically when the period of the source decreases to
4 days. Also, onshore energy transmission on the slope
varies with wave periods. At 36 days, energy decreases
sharply across the slope from the rise while energy at
15 days penetrates farther up the slope. In spite of the
shallow depth of the shelf, kinetic energy density on
the shelf remains small at these periods. Therefore, the
continental slope is an excellent insulator to the energy

0 100 200
X (km)
FI1G. 3. Depth-integrated kinetic energy averaged over isobaths.
The solid, dotted, and dashed lines represent energy at 36, 15 and

4 days, respectively. The continental slope is between x = 50 and
85 km.
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transmission at a time scale longer than 10 days. For
shorter periods, the efficiency of the slope as an insu-
lator decreases. At 4 days, energy in the water column
is about the same across the slope, and the slope can
no longer block energy transmission. Energy density
may be large on the shelf because of the shallow depth.

b. Forcing from the upper rise (x = 135 km, y = 187.5
km)

When the source is located on the upper rise, the
characteristics of waves are similar to those in the pre-
vious case, but energy is higher at the slope-rise junc-
tion. Figure 4 shows the energy density and the trans-
port streamfunction at a period of 36 days. Ray paths
are in the —y direction along isobaths as in the previous
case. Propagation of energy toward the steep continen-
tal slope is evident. Energy accumulates at the rise and
slope junction. Some energy leaks to the deep ocean.
The volume transport of the waves is similar to that
in Fig. 2 and is confined to the deep waters. Distribution
of depth-integrated kinetic energy is similar to that in
Fig. 3.

c¢. Forcing from the slope (x = 75 km, y = 187.5 km)

Figure 5 shows waves generated by a source on the
continental slope at 36 days. Waves are confined mostly
to the slope and are weaker than those produced by a
source of the same strength on the rise in Fig. 2. Energy
propagates in the —y direction along isobaths. Cross-
isobath transmission of energy is small. The slope is a
wave guide for topographic waves. Transport of TRWs
is much smaller than in the case of deep ocean sources.
The kinetic energy density and streamfunction for a
source at 10 days are shown in Fig. 6. Unlike that in
the case of 36 days, the ray path clearly crosses the shelf
break onto the shelf. Wave-induced mass transport is
also small. Depth-integrated kinetic energy is shown
in Fig. 7. Energy maxima at periods of 4, 15 and 36
days are of the same magnitude. Energy of both 15-
and 36-day waves decreases rapidly away from the
slope, but that of 4-day waves may leak onto the shelf.

d. Forcing from the shelf (x = 45 km, y = 187.5 km)

Figure 8 shows waves generated by a source on the
shelf at 36 days. Because the Kinetic energy density is
large in this case, contour intervals used in this figure
are different from other plots. A high energy core is
produced near the source. Energy is mostly confined
on the continental shelf and decreases sharply across
the slope. Two rays are clear in the plot: one toward
the coast and one along the shelf break. The steep slope
is effective in blocking offshore energy transmission to
the rise. In the lower panel, the transport is small and
is mostly on the shelf. With decreasing periods, waves
become weaker and are less confined by the shelf break.

Unauthenticated | Downloaded 07/05/22 05:39 AM UTC



362

- —r—r
F
F 3
[ p
[ 3
[ p
e e m e e e 2004
LS ]
AT ]
Y L selidey = 200&
‘A p
k- P
[ ]
3 . -
o . 3
[ ¢ ]
[ . 3
L p
o . -
e m e f e D 2 30003
[ e * 3
[ . -28 - . p
L .
E . 9 . .
- 1 ’ - 0 -
] . 3
[ o * ]
b \ N f ]
4 Niabid 1]
4 * 9
< T T T T T R T R S N TS -
: 3
- -
9 p
[ p
L p
[ p
o L A A ' A A A i i it i A A T T R A A A A A i A 3

FI1G. 4. As in Fig. 2 except generated by a source
on the upper rise at 36 days.

Figure 9 shows waves at a period of 4 days. Wave energy
now reaches the coast and the shelf break. Some short
waves may be found on the slope in the upper panel.
These are waves reflected by the y = 0 boundary. We
will discuss the frictional damping of reflected waves
later. Currents associated with the waves are mostly
on the shelf and slope.
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Offshore distribution of energy in water columns is
shown in Fig. 10 for a source on the shelf. Energy max-
imum is less dependent on wave periods than that in
the case of deep ocean sources. At 36 days, little energy
transmits through the slope. For waves at 15 and 4
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FIG. 5. As in Fig. 2 except generated by a source
on the slope at 36 days.
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of friction on wave propagation. In the above calcu-
lations, a typical frictional coefficient (r = 5 X 10*m
s~!) has been used. The effect of frictional damping is
demonstrated in Fig. 11, where the total kinetic energy
1 . in the study region is plotted as a function of r for the
E @ e e e m e mm——————————— : 15-day waves. When the source is on the continental
' 1 rise, total energy increases slowly from r = 5 X 1073
to 1 X 10~ m s™!. For r smaller than 5 X 10™*m s™/,
the energy level is nearly constant. On the other hand,
energy generated by a source on the shelf is large for r
less than 5 X 10™* m s™!. This high energy level is
3 . caused by the ineffectiveness of the model to damp out
.~~~ - - e L P Ll T short waves reflected from the boundaries.
E X : E The use of friction in the model is to eliminate un-
. 3 realistic reflections from open boundaries. The presence

pees

e i *

{
PR .
-

- 0

3 of short reflected waves may cause numerical instabil-
. ' 1 ities. In the numerical results with r =5 X 10 m s7},

short waves are effectively eliminated at most periods.
: 3 Waves are less damped at 4 days on the upper slope,
S S i S S S S S S R S and reflection is not completely eliminated at this pe-
riod. However, the solutions are not altered drastically
by the short waves. The description of the propagation

of TRWs should be reasonable.

T TTTT ey YT

5. Discussion

The characteristics of waves at periods between 4
and 36 days depend on the parameter g = r/(oh) in
(8). This parameter determines the importance of fric-
tion on wave propagation. With 2 = 4000 m and r
=5 X 107*m ™!, gis much less than one in the above
range of wave periods. The frictional force is negligible
in the deep waters. The solutions of (8) are slightly
damped topographic waves. With g = 0, Eq. (8), in
terms of velocity components, becomes

Syu= —-— 9
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FIG. 6. As in Fig. $ except generated by a source
on the slope at 10 days.

days, wave energy may reach the slope region, but is
trapped at the coast. Waves generated are of the char-

acteristics of shelf waves. 1(57 — . . .
0 10
4. Effect of friction 0 200
_To demonstrate that the choice of a frictional coef- X (km)
ficient leads to reasonable results, we studied the effect FIG. 7. As in Fig. 3 but generated by a source on the slope.
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ing from 36 to 4 days. The maximum speeds generated
by a source of various periods are summarized in Table
1. On the rise, the maximum speed is from 0.05 to
0.12 m s™! for the 36- and 15-day waves and is much
weaker for motions generated by 4-day disturbances.
Therefore, high frequency disturbances over the con-
tinental rise can hardly generate TRWs.
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Over the continental rise, Sy is small, and the first s 3
term on the left-hand side of (9) balances the forcing E 3
term, which is inversely proportional to frequency. This PP WP . P U S S S S r wra.
frequency dependence is shown in Fig. 3, in which en- FIG. 9. As in Fig. 2 but generated on the shelf
ergy on the rise decreases sharply with periods decreas- at a period of 4 days.
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FIG. 10. As in Fig. 3 but generated by a source on the shelf.

When the water depth decreases, g increases, and
friction becomes important. The value of g becomes 1
for A = 250 m at 36 days and for 2 = 30 m at 4 days.
Therefore, frictional damping is small for high fre-
quency waves on the upper slope and for waves from
4 to 36 days on the lower slope. For undamped waves
on a steep slope, the third term on the left-hand side
of (9) balances the forcing term because of large S,.
The resulting equation is independent of frequency.
Depth-integrated kinetic energy as shown in Fig. 7
agrees with this expectation. The maximum speed is
from 0.06 to 0.09 m s~! for all three wave periods
(Table 1).

Over the continental shelf, 4 is of the order 100 m.
The value of g changes from less than 1 for the 4-day
waves to about 1 for the 15-day waves and to greater

6

PERIOD = 15days
SHELF : —
1L —

4
i

TOTAL ENERGY ( x 10 néIs)m’)

0

-5
10

FIG. 11. Total kinetic energy in the study region generated by a
source of 10”7 m s~2. Forcing is from the shelf (circles) and the rise
(triangles), respectively.
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TABLE 1. Maximum speed (m s™') in the study region for different
forcing periods and source locations.

Period (days)
Locations 36 15 4
Lower rise 0.08 0.05 0.01
Upper rise 0.12 0.09 0.01
Slope 0.09 0.07 0.06
Shelf 0.39 0.40 0.14

than 1 for the 36-day waves. Therefore, both the 15-
and 36-day waves are highly damped waves similar to
the solutions of Csanady (1978). On the other hand,
the 4-day waves propagate freely. This is the reason
why reflected waves are not completely damped out in
Fig. 9. This property is seen in Figs. 8 and 9, where
the kinetic energy density of the 36-day waves looks
like a diffusion plume, but that of the 4-day waves does
not. Equation (9) shows that wave strength is inversely
proportional to 4 for undamped waves, and high wave
energy may be present for sources on the shelf (Table 1).

6. Shelf-deep ocean interaction

Deep-ocean waves will influence shelf circulation if
energy transmission across the steep continental slope
is significant. Shaw (1982), Wang (1982), and Csanady
and Shaw (1983) have shown that a steep continental
slope is a good insulator for steady motions. In the
present context, the continental slope is still a barrier
to low frequency waves from the deep ocean, but the
effectiveness decreases with increasing frequency. At 4
days, the continental slope can no longer block energy
propagation from the deep ocean onto the shelf. How-
ever, high frequency disturbances are ineffective in

" generating deep-ocean waves (Table 1). Unless the high

frequency source is an order of magnitude stronger
than the low frequency ones, deep-ocean waves can
hardly influence motions on the continental shelf.

Waves may be generated locally on the shelf and on
the slope. The 36-day waves on the shelf are completely
confined by the shelf break (Fig. 8). For waves at 15
and 36 days, the steep continental slope is a wave guide.
Energy is trapped by the bottom slope (Fig. 5). Louis
et al. (1982) have observed that there is a peak on the
slope in the offshore distribution of 21-day kinetic en- -
ergy generated by a Gulf Stream ring (their Fig. 12b)
in agreement with our results. Only at 4 days, distur-
bances may reach the bottom of the slope from the
shelf; however, motion is coastally trapped with no off-
shore energy propagation (Fig. 10). It is evident that
deep ocean circulation is not influenced by disturbances
on the shelf and slope.

Without the interaction between the shelf and the
deep ocean, motions in each region must be generated
by local disturbances. In the ocean, alongshore wind
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stress is the most important driving force near the coast.
Vorticity sources are rare and less effective in generating
motions on the shelf (e.g., Shaw, 1982). Therefore, our
model may not describe the forcing mechanisms on
the shelf. However, the predictions of wave propagation
and energy transmission on the slope should be valid
independent of the origin of the waves. Our results
show that waves on the shelf must be generated by
local sources. Because the most important sources on
the shelf are in the wind band, energy spectra are high
in the high frequency band. On the other hand, only
low frequency disturbances are effective in generating
deep-ocean waves. Motions on the continental rise are
mainly in the low frequency band.

7. Conclusions

Conclusions derived from the numerical results are
summarized as follows:

1) Long period waves generated by deep ocean dis-
turbances dominate motion on the continental rise.
These waves are refracted and trapped by topography.
When sources are not too far away from the continental
slope, waves may be observed on the slope before being
damped out by friction.

2) At 36 and 15 days, the continental slope is a wave
guide for topographic waves, and regions of high kinetic
energy density produced by local sources may be found
on the slope.

3) Motions on the continental shelf are coastally
trapped. High frequency waves on the shelf may be
correlated with those on the slope.

4) The continental slope is a good insulator to low
frequency waves with periods longer than a week.

Expectations on energy spectrum and coherence can
be inferred from the conclusions for current meter ob-
servations free from shallow baroclinic noises. Energy
spectrum over the continental rise should be high at
the low frequency end while that on the shelf should
be high in the high frequency band. Also, low frequency
disturbances over the continental slope may produce
local energy maxima in space. Because energy spectra
in the ocean are generally red for periods between a
few days and a month, the slope of the spectrum should
be steeper on the rise than on the shelf. Coherence
between currents over the rise and the lower continental
slope should be high in the low frequency band and
low near the inertial frequency. On the other hand,
high coherence at periods of a few days should be ob-
served in the current data from the outer shelf to the
slope-rise junction. Also, high coherence in the along-
isobath direction is expected over the continental slope.
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